Objective. assessing the therapeutic effects of a combination of intra-articular and intra-osseous infiltrations of plateletrich plasma (PrP) to treat severe knee osteoarthritis (KOa) using intra-articular injections of PrP as the control group. Design. in this observational study, 60 patients suffering from severe KOa were treated with intra-articular infiltrations of PrP (ia group) or with a combination of intra-osseous and intra-articular infiltrations of PrP (iO group). Both groups were matched for sex, age, body mass index, and radiographic severity (iii and iV degree according to ahlbäck scale). Clinical outcome was evaluated at 2, 6, and 12 months, using the Knee injury and Osteoarthritis Outcome Score (KOOS) and Western Ontario and McMaster Universities Osteoarthritis index (WOMaC) questionnaires. Results. at 2, 6 and 12 months after treatment, iO group had a significant improvement in all KOOS and WOMaC subscales (P < 0.05). On the contrary, patients of the ia group did not improve in any of the scores. Sixteen out of 30 iO group patients showed minimal clinically important improvement (MCii) whereas 8 out of 30 ia group patients showed this response at 6 months (26.7%; 95% Ci −0.4 to 49.9; P = 0.037). at 12 months, 14 patients of iO group and 5 patients of the ia group showed MCii (30%; 95% Ci 4.3 to 51.9; P = 0.013). No differences between groups were observed at 2 months. Conclusions. PrP intra-articular injections in severe KOa were not effective and did not provide any benefit. Combination of intra-articular and intra-osseous infiltrations of PrP was not clinically superior at 2 months, but it showed superior clinical outcomes at 6 and 12 months when compared with intra-articular injections of PrP.
Introduction
Knee osteoarthritis (KOA) is an active, heterogeneous, and low-grade inflammatory condition leading to functional disability and pain. 1, 2 Its costs are between 1.0% and 2.5% of gross domestic product, and obesity and aging are the 2 main risk factors. 3 Traditionally, KOA was considered a cartilagedriven "wear and tear" disease; however, an increasing body of evidence suggests the direct involvement of 2 well-vascularized synovial joint tissues, namely, the subchondral bone (SB) and synovial membrane (SM) in the degradation of articular cartilage (AC). [4] [5] [6] Intra-articular delivery is the conventional modality to reach AC, SM, and synovial fluid (SF) with platelet-rich plasma (PRP), and it has been shown to be safe and efficacious in reducing pain and improving joint function in patients with moderate KOA. [7] [8] [9] [10] However, in patients with severe KOA, SB undergoes structural changes, including a progressive replacement of the subchondral marrow with fibroneurovascular mesenchymal tissue, an undermineralization of bone, bone marrow lesions (BMLs), osteophytes, sclerosis, and stiffness of SB. 5, 11, 12 In this context, intra-articular infiltrations of PRP are insufficient to reach the SB, thereby limiting their efficacy. 13, 14 According to the promising results observed in animal 15, 16 and humans treated with intra-osseous infiltrations of PRP, 17, 18 this work aimed to assess the therapeutic effects of a novel approach by treating severe KOA with a combination of intra-articular and intra-osseous infiltrations of PRP, using intra-articular injections of PRP as the control group.
Since the combination of intra-articular and intra-osseous infiltration of PRP targets AC, SF, SM, and SB, we hypothesize that this new approach might improve the effectiveness of intra-articular infiltrations of PRP for severe KOA.
Methods
The study was designed as an observational study to analyze the combination of intra-articular and intra-osseous injections of PRP. Patients were enrolled from 2015 to 2016 and 30 patients with severe KOA treated with intra-articular infiltrations of PRP were used as a control group (IA group).
Patients
The study included a total of 60 patients aged between 40 and 80 years with severe KOA and diagnosed according to the American College of Rheumatology criteria and with radiographic severity III and IV degree according to Ahlbäck scale, who received intra-articular or intra-osseous infiltrations of PRP. The inclusion criteria were as follows: (1) patients of both sexes aged 40 to 80 years, (2) predominant medial tibiofemoral KOA, (3) radiographic severity degree III and IV according to the Ahlbäck scale. The exclusion criteria were (1) an excessive misalignment with a diaphyseal varus deformity of 4° and valgus of 16° that required osteotomy, (2) arthroscopy in the last year prior to treatment, (3) infiltration of hyaluronic acid or corticosteroids in the past 6 months and (4) systemic autoimmune rheumatic disease.
Each group included 30 patients, one who received 3 intraarticular infiltrations of PRP on a weekly basis (IA group), while the other group received a combination of 2 intra-osseous PRP infiltrations with the first intra-articular injection followed by 2 more intra-articular injections in the following 2 weeks after the intra-osseous infiltrations (IO Group) (Fig. 1) . Regarding treatment allocation, the patients chose their preferred option after explaining the study and offering the two treatments. Patients in both groups were matched by age, gender, and body mass index (BMI) and by radiographic severity (same Ahlbäck grade III and IV). The baseline features of both groups are shown in 
Platelet-Rich Plasma Preparation
Thirty-two milliliters or 90 mL of venous blood was extracted from the patient depending on whether infiltration was intraarticular or intra-osseous, respectively. Blood was withdrawn into 9-mL tubes containing 3.8% (w/v) sodium citrate and centrifuged at 580 × g for 8 minutes at room temperature. The 2-mL plasma fraction located just above the sedimented red blood cells, but not including the buffy coat, was collected in a tube and carried to the injection room for use. This plasma fraction preparation contained a moderate concentration of platelets (1.5 to 2.5 times the concentration of platelets compared with peripheral blood, depending on the platelet count and size as well as the hematocrit) and an absence of erythrocytes and leukocytes. The product received by patients of IA group contained a mean of 377.65 ± 74.60 platelets/mL (range 250-552 platelets/mL) and the PRP for the IO group a mean of 363.30 ± 71.13 platelets/mL (range 198-518 platelets/mL). To initiate the activation of platelet clotting, calcium chloride (10% w/v) was added to the liquid PRP aliquots just before injection. All procedures were performed under sterile conditions.
treatments
The first PRP administration of IO group patients included 3 different injections in different anatomical locations and conduced in the operating room. First, one PRP intra-articular injection was conducted, and afterward 2 PRP intra-osseous injections were performed according to the technique described by Sánchez et al. 19 Briefly, under anesthesiologist surveillance, sedation of the patient was induced, 19 reaching a degree of sedation of −4 or −5 on the Richmond Sedation Scale. The patient was positioned supine and 2 marks were drawn in the medial region of the knee, one located 2 cm proximal and other located 2 cm distal to medial joint line. The infiltration area was prepared with a povidone-iodine solution and local anesthesia was conducted into the periosteum of condyle and tibial plateau. First, 8 M of PRP was infiltrated intra-articularly after evacuating the totality of the synovial fluid. This quantity of volume was administered due to the previous experience and studies with this protocol to treat KOA. 9, 20 Eight milliliters of PRP is an adequate volume to soak the intra-articular space and cover the synovial membrane after coagulation, 21 in addition to being a well-tolerated volume for patients. Next, intra-osseous infiltrations were performed with a 13G trocar used for bone biopsy, which was manually introduced into the bone and inserted 2 cm into the medial tibial plateau and medial femoral condyle. Once the trocar was placed in the desired position 5 mL of PRP was infiltrated into SB. The control of trocar placements was facilitated using a fluoroscope. Intra-osseous infiltration did not focus on specific lesions but was performed at the same point in all interventions, since PRP allocates all over the subchondral area regardless of tissue lesions. 21 Two more intra-articular PRP infiltrations were performed 7 and 14 days after the first treatment. 19 In contrast, patients of IA group received only 3 conventional intra-articular infiltrations of PRP with a weekly periodicity. 9 
Outcome evaluation
Patients filled out KOOS at baseline and 2 months, 6 months, and 12 months after the third IA injection, and were evaluated by a different physician than the one who applied the treatment.
The primary efficacy criterion was a change from baseline in joint pain, measured using the KOOS pain subscale. Success rates were calculated according to a reduction in the pain score of at least 10 points from baseline (minimal clinically important improvement [MCII]). 22 Secondary efficacy variables included changes in KOOS subscales for symptoms, ADL, function in sport and recreation (Sport/Rec), knee-related quality of life (QOL), as well as the WOMAC subscales for pain, stiffness, and physical function. The evolution from baseline in overall knee pain after application of the visual analog scale (VAS) that ranged from 0 to 100 was determined by the WOMAC scale. In case of patients who failed to improve and underwent other treatments before 12 months, their basal values were included to obtain the score at this time-point.
Statistical analysis
Power analysis was conducted to estimate the sample size needed to achieve 80% power at a 5% level of significance for the primary outcome measures to find as statistically significant a proportion difference, expected to be of 15% in IA group 1 and 50% in IO group. Demographic and medical variables (gender, age, BMI, and OA grade) were determined by the mean, standard deviation, range, and percentage. Success rate was assessed using χ 2 test. Comparisons were performed by Student t test for independent or pairedsamples parametric data, Wilcoxon signed-rank test for paired-samples nonparametric data, and Mann-Whitney U test for independent samples nonparametric data; distribution of the samples was assessed by Saphiro-Wilk test. Data were considered statistically significant when P < 0.05. Statistical analysis was performed with SPSS 17.0 (SPSS, Chicago, IL).
Results

intra-articular group (ia group)
The percentage of patients who showed a pain reduction of at least 10 points (MCII) from baseline to 2 months and 6 months of follow-up was 43.3% (13 of 30 patients) and 26.7% (8 of 30 patients), respectively. The evolution of patients treated only with intra-articular PRP (IA group) is shown in Table 2 . These patients did not experience significant pain improvement at 2 and 6 months according to the results of KOOS, WOMAC, and VAS scales. In the other KOOS subscales as well as in the WOMAC scores, there were no statistically significant differences at any point in the follow-up.
Before the 12 months, 10 patients left the follow-up, 8 of whom did not respond well to the treatment and underwent other interventions (26.7% of the 30 patients who were treated). The 2 remaining patients who were not monitored at 12 months were unreachable. Thus, at 12 months, 16.7% of patients in IA group showed a pain reduction of at least 10 points (MCII) from baseline (5 of 30 patients). At this time, the patients also did not experience a significant improvement in the results.
intra-Osseous group (iO group)
Concerning the percentage of patients with MCII according to KOOS pain subscale, treatment applied in the IO group achieved a percentage of patient with a pain reduction of at least 10 points of 56.6% (17 of 30) at 2 months and 53.3% (16 of 30) at 6 months. Table 3 shows the evolution of patients in IO group at 2, 6, and 12 months after treatment. In contrast to patients in the IA group, patients receiving intraosseous PRP therapy had significant pain improvement (P < 0.05) at 2 and 6 months according to KOOS, WOMAC, and VAS scores. Moreover, this improvement was also obtained in the other variables assessed by the KOOS and WOMAC scales (except from stiffness at 2 months).
Eleven patients withdrew the follow-up before the 12 months, 5 of whom did not respond well to the treatment and underwent other interventions (16.6% of the 30 patients who were treated). Four other patients continued with the improvement and they did not consider it necessary to follow up. The 2 remaining patients who were not monitored at 12 months were unreachable. Therefore, 46.7% of patients showed a pain reduction of at least 10 points (MCII) from baseline (14 of 30 patients). At this time the patients showed a significant improvement (P < 0.05) in the results of KOOS, WOMAC, and VAS scores.
ia group versus iO group
When comparing the response of both treatments according to the percentage of patients with MCII on the pain scale, a statistically significant improvement was observed at the sixth month after treatment. The percentage of patients with MCII in pain reduction of IO group was 26.7 points of percentage higher than IA group patients (95% CI −0.4 to 49.9; P = 0.037). This significant improvement was maintained at 12 months with 30.0 points of percentage higher than patients of IA group (95% CI 4.3 to 51.9; P = 0.013). These differences are consistent when comparing the scores from baseline to time-points (δ), being statistically significant at 6 months after treatment (12.4 ± 15.9 vs 2.8 ± 15.5; P = 0.021) and at 12 months after treatment (11.6 ± 14.8 vs −0.1 ± 14.6; P = 0.005) ( Table 4 ). This improvement was not observed when only 2 months elapsed after treatment. Concerning symptoms, the rate of response was also 26.7 points of percentage higher in patients of IO group at 6 months (95% CI −0.6 to 50.2; P = 0.038) and 23.4 points at 12 months (95% CI 0.4 to 44.4; P = 0.029). Similarly, IO group showed also, compared with IA group, a statistically iO group: intra-osseous and intra-articular infiltrations of platelet-rich plasma. *P < 0.05 with regard to baseline.
significant improvement in symptoms at 6 months (9.9 ± 18.3 vs −4.2 ± 22.1; P = 0.009) and 12 months (9.6 ± 15.2 vs −3.3 ± 17.9; P = 0.004). None of these differences between both groups were observed at 2 months.
Patients who underwent intra-osseous infiltrations did not refer side effects and complications during the procedure. After the infiltration mild pain of short duration (24-48 hours) were reported with no other adverse effects.
Discussion
In this study, both groups were treated with 3 intra-articular infiltrations of PRP on a weekly basis, and only the IO group underwent a novel local therapy consisting of a combination of intra-articular and intra-osseous infiltrations of PRP. The combination of intra-articular and intra-osseous infiltrations of PRP did not show differences compared control treatment at 2 months, but it exerted significant pain reduction and improvement in knee joint functionality at 6 and 12 months after treatment in KOA patients of advanced degrees, with no severe adverse effects in both modalities of treatment.
During the past years, several clinical studies have reported controversial results about the use of intra-articular delivery of PRP for KOA. On one hand, some studies reported that in patients with mild to moderate KOA is safe and more efficacious than hyaluronic acid or normal saline in alleviating pain and improving patient functionality. 8, 20, 23 On the other hand, the non-superiority of PRP against other treatments also has been shown by several studies. 24, 25 Analysis of the products used in the studies continues to suffer from inconsistencies both in its preparation and its application presenting many variables, namely number of platelets, activation method, dosage and presence of leukocytes. The latter has been one of the most studied as responsible for the safety and effectiveness of PRP. Both in vitro and in vivo studies that associates the presence of leukocytes within PRP with the detrimental effects on chondrocytes, human subchondral mesenchymal stem cells (MSCs), osteoblasts and synoviocytes 26 likely due to the release of catabolic (matrix metalloproteinase-9 [MMP-9]), and proinflammatory cytokines (interleukin-1β [IL-1β] and tumor necrosis fator-α [TNF-α]) mediated by the activation of the nuclear factor-κB (NF-κB) pathway. 27, 28 Clinical studies using PRP with leukocytes reported both positive and negative results, [29] [30] [31] and the presence of leukocytes does not seem to cause a pro-inflammatory environment compared with PRP without leukocytes. 32 Nonetheless, recent works (10) 10 ( conducted by Milants et al. 33 and Piuzzi et al. 34 seem to recommend the PRP poor in leukocytes for treatment of KOA, not for safety but for efficiency. These seemingly contradictory results between preclinical and clinical studies might partially be explained by the fact that a common denominator of these biological therapies appears to be their anti-inflammatory effect mediated by the inhibition of the NF-κB pathway. 35, 36 This mismatch may well arise from redundancy as a basic information transfer principle of the regulatory pathways which operate on the whole animal during tissue repair. Rather than cells per se, it may be the secretion of versatile proteins that in vivo are used interchangeably, as may be the case of the NFkB inflammatory pathway, which seems to be backed up by several growth factors and cytokines released by platelets, monocytes, macrophages, or even MSCs acting as redundant components in cell information. 37 Despite the controversy about the use of PRP for the treatment of KOA, there is more consensus that by increasing the severity of the pathology, the effectiveness of PRP decreases, regardless of the applied product. (Bottegoni, Dei Giudici, Salvemini, Chiurazzi, Bencivenga and Gigante, 2016), 13 (Jang, Kim and Cha, 2013) 14 Therefore, administration route could be a key element. Intra-articular drug delivery route is insufficient to tackle the SB, a tissue whose role in the pathophysiology and progress of KOA, mainly in the late stages, is increasingly recognized, 5, 11, 12 and it has been postulated as a pivotal target to treat severe KOA. 5, 38 The significant improvement in the KOOS pain score and secondary outcome measure of KOOS and WOMAC subscales from baseline to 6 and 12 months shown by the IO group compared with the IA group in the present work, were attributed to the additional treatment modality, namely, intra-osseous infiltrations of PRP. The lack of significant difference at 2 months when comparing both groups despite the slight improvement in the IO group may be due to PRP begins its effect at the second month and its real effect is observed progressively over time. 39 These results are in accordance with the data reported by Sánchez et al. 19 that conducted a pilot study in 13 patients with severe KOA combining IA and IO infiltrations of PRP and reported a significant reduction in KOOS pain score, significant decrease of synovial fluid (MSC) after 1 week of treatment, and improvement in knee joint function.
Intra-osseous injections of PRP in humans have been proven to be efficacious in several conditions such as nonunion fractures or self-stimulating bone marrow of the iliac crest. [40] [41] [42] Despite these promising results, bone regeneration based on the use of PRP generates controversy due to studies with contradictory results. As in the case of cartilage, different variables that influence the preparation and application of PRP imply the use of different products and therefore different results. 43 A systematic review conducted by Roffi et al. 44 showed the benefit of PRP in preclinical studies while clinical studies presented more limitations in this regard, which suggests the difficult in translating and optimizing the use PRP for bone healing in the clinical practice.
However, intra-osseous infiltrations of PRP in this work do not expect to regenerate bone but also to stimulate the SB in order to improve the joint biological environment. Zhen et al. 45 showed that by inhibiting transforming growth factor-β (TGF-β) signaling in a specific population of MSCs present at the SB (nestin-positive MSC) the severity of OA was reduced. 45 In fact, previous studies have shown that the decrease in MSC in the SF, in low degree OA, suggests clinical improvement. 46 Therefore, it is reasonable to speculate that, by administering PRP directly into SB, the concurrent presence of platelet-secreted TGF-β1 and vascular endothelial growth factor (VEGF) as well as plasma growth factors such as insulin-like growth factor-I (IGF-I) and hepatocyte growth factor (HGF) could have a modulatory effect on TGF-β signaling pathway. 21, 45 This might reduce the presence of MSCs and could likely be associated with the shrinking of fibroneurovascular tissue of KOA SB, an explanation which parallels the antifibrotic mechanism already reported in several cell phenotypes 47 thereby contributing to modulate the aberrant fibroneurovascular tissue and to alleviate pain and hyperalgesia. 48 In this regard, Muiños-López et al. 49 showed that intra-osseous infiltrations of PRP but not intra-articular infiltrations decreased the presence of synovial MSC. In addition to these effects that occurred in SB, intra-articular infiltration of PRP suppressed effect of NF-κB on intra-articular inflamed cells, which would lead to the reduction of proinflammatory cytokines that otherwise might contribute to pain by stimulating hyperalgesia and sensitizing joint nociceptors to other stimuli. 6, 50 This anti-inflammatory effect not only favor a pain reduction but also could influence in other biological processes related to KOA such as cell senescence. 51, 52 Finally, significant amount of endogenous cannabinoids within PRP might act as ligands for cannabinoid receptor 1 (CB1) and 2 (CB2) of chondrocytes, synovium cells, and bone cells of OA patients, thereby supporting both a pain and inflammation reduction by targeting the endogenous cannabinoid system. 53, 54 Regardless how much of the therapeutic effect of intraarticular and intra-osseous infiltration of PRP is placebo, there is ample in vitro and in vivo evidence to suggest that PRP intervention on KOA is something more than a sham intervention where PRP would meet the requirements of an ideal placebo. 26 As an example, bone marrow stimulating techniques, and intra-osseous infiltrations of PRP as one of them, have proven to induce a cartilage-like repair tissue and repair chondral defects, 55, 56 which render PRP application an structure-modifying therapy. However, and prior to treatment of PRP, we first would remove the synovial fluid and only then infiltrated PRP intra-articularly. This raises the question about how much of the therapeutic effect of IA infiltrations is placebo response or physiological effect after both the removal of synovial fluid with pain-signaling and mediating molecules in addition to the injection of a fluid by means of a needle into the knee joint. [57] [58] [59] [60] This study presents some limitations. First, the particularities of this new treatment have prevented a better study design that would have generated more solid results and conclusions. However, the achieved results allow us to consider new and deeper studies based on this field. Second, a relatively small number of patients were enrolled in the study. Third, from a researcher's point of view, there is a lack of follow-up of structural changes in SB throughout 3-T magnetic resonance imaging, histological, and immunohistochemistry studies, and flow cytometry, which might suggest a structure-modifying disease intervention with this novel approach.
In summary, PRP intra-articular injections in severe OA were not effective and did not provide any benefit, and the combination of intra-articular and intra-osseous infiltrations of PRP was not clinically superior to intra-articular infiltration at 2 months. However, the results display a higher pain reduction and improvement in knee joint functionality at 6 and 12 months in patients with severe KOA, with no severe adverse effects in both modalities of treatment. Therefore, further studies will be needed in order to increase our knowledge of intra-osseous infiltrations of PRP.
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